The insulin/insulin-like signaling and target of rapamycin (IIS/TOR) network regulates lifespan and reproduction, as well as metabolic diseases, cancer, and aging. Despite its vital role in health, comparative analyses of IIS/TOR have been limited to invertebrates and mammals. We conducted an extensive evolutionary analysis of the IIS/TOR network across 66 amniotes with 18 newly generated transcriptomes from nonavian reptiles and additional available genomes/transcriptomes. We uncovered rapid and extensive molecular evolution between reptiles (including birds) and mammals: (i) the IIS/TOR network, including the critical nodes insulin receptor substrate (IRS) and phosphatidylinositol 3-kinase (PI3K), exhibit divergent evolutionary rates between reptiles and mammals; (ii) compared with a proxy for the rest of the genome, genes of the IIS/TOR extracellular network exhibit exceptionally fast evolutionary rates; and (iii) signatures of positive selection and coevolution of the extracellular network suggest reptile-and mammal-specific interactions between members of the network. In reptiles, positively selected sites cluster on the binding surfaces of insulin-like growth factor 1 (IGF1), IGF1 receptor (IGF1R), and insulin receptor (INSR); whereas in mammals, positively selected sites clustered on the IGF2 binding surface, suggesting that these hormone-receptor binding affinities are targets of positive selection. Further, contrary to reports that IGF2R binds IGF2 only in marsupial and placental mammals, we found positively selected sites clustered on the hormone binding surface of reptile IGF2R that suggest that IGF2R binds to IGF hormones in diverse taxa and may have evolved in reptiles. These data suggest that key IIS/TOR paralogs have sub-or neofunctionalized between mammals and reptiles and that this network may underlie fundamental life history and physiological differences between these amniote sister clades.
by bringing IGF2 into the cell for degradation (17) . It is widely hypothesized that IGF2-IGF2R binding is unique to therian mammals (marsupials and placentals) due to sexual conflict in regulating paternal IGF2 during placental and embryo development (10, (18) (19) (20) (21) .
Previous evolutionary analyses of IIS/TOR in vertebrate and invertebrate lineages suggest that extracellular genes (Table S1 and Fig. S1 ) often experienced positive selection, whereas intracellular genes often experienced purifying selection (22) (23) (24) (25) (26) (27) (28) , especially farther downstream in the intracellular network. These previous findings have supported the prediction that upstream extracellular factors (e.g., the initial components that interact with environmental stimuli in signal transduction pathways) may have larger impacts on signaling through the network than downstream components. However, comparative studies of (co)evolution among extracellular components of the network have not been possible with studies from invertebrates due to the near absence of these paralogs. In addition, mammalian studies of this network have not included the other half of the amniote group (avian and nonavian reptiles), except chickens. Thus, a general understanding of the evolution of this network and the coevolutionary relationships among the proteins of this network has not been possible.
We analyze coding sequence data from 32 species of mammalan order of magnitude higher than previous comparative studies of mammals-and 34 species of reptile (10 species of birds and 24 nonavian reptiles; Fig. S2 ). Analyses of this improved sampling revealed that members of the IIS/TOR network, particularly extracellular and critical intracellular genes, exhibit exceptionally fast evolutionary rates between mammals and reptiles relative to the rest of the genome. Additionally, strong positive selection occurs at amino acid sites important for hormone-receptor protein interactions, and this selection likely shapes binding affinities in reptile-and mammal-specific ways.
Results
We identified an average of 31,060 unique ORFs per species (range, 15,893-102,156) and used OrthoMCL (29) and quality control methods to produce alignments of putative orthologs across 66 species (Table S2 ) (see data deposition footnote and SI Text).
We focused on 61 genes from the IIS/TOR network that were identified through KEGG pathways (Kyoto encyclopedia of genes and genomes, ref. 30 ) and/or previous publications (Fig. S1  and Table S1 ) (8, 24) . Alignments of these focal genes contained 19-66 species (median = 62, mode = 66; mean = 58.4; Table S1 ). To provide a proxy for evolution of the noninsulin signaling genes in the genome, we used 1,417 putative orthologs that contained all 66 species and referred to these as control genes. We also analyzed (i) 48 of the 61 focal genes that had greater representation of species within the alignments (56-66 species, median = 63.5, mode = 66, mean = 62.6), and (ii) a control and IIS/TOR focal gene set that contained phylogenetically matched species (43 control genes and 43 focal genes with identical species). Both of these analyses are presented in the SI Materials and Methods and are consistent with the analysis reported below that extracellular genes of the network are highly divergent outliers.
IIS/TOR Network Contains Fast-Evolving Outliers. Twenty-six genes (of 61 analyzed) from the IIS/TOR network exhibited divergent evolutionary rates between reptiles and mammals (i.e., significant likelihood ratio test between the null and alternative models) using the Clade model in PAML (31) and a P value estimated following refs. 32 and 33 and corrected for multiple tests by sequential Bonferroni (Table S3 , CMC reptiles). For 20 of these 26 divergent genes, the ω [nonsynonymous substitutions per nonsynonymous site (K a )/synonymous substitutions per synonymous site (Ks)] for reptiles was significantly greater than the ω for the rest of the tree (e.g., mammals, χ 2 = 7.54, P = 0.006). We obtained similar results for a paired Wilcoxon test (P = 0.056), and this difference in divergence between clades was also seen among control genes (SI Results).
Extracellular genes of the IIS/TOR network exhibited greater divergence between mammals and reptiles than 1,417 control genes and intracellular genes when measured by the median of all pairwise mammal-reptile K a /Ks measures. Extracellular genes had equivalent Ks compared with control genes (Wilcoxon rank sum test, W = 5476, P = 0.2154), but had notably greater median ω (W = 2998, P = 0.002) and K a (W = 2333.5, P < 0.001; Fig. 1 ). Compared with intracellular genes, extracellular genes also had significantly higher ω and K a (ω: W = 129.5, P = 0.02; K a : W = 88, P = 0.001), but Ks did not differ (W = 209, P = 0.375).
Collectively, the intracellular IIS/TOR genes did not have elevated median K a , Ks, or ω compared with control genes (P > 0.467 in all cases; Fig. 1 ). In all cases, the median for intracellular and control genes was identical to the hundredths place. The median Ks for extracellular genes was 1.59, and the median Ks for intracellular and control genes was 1.60. The median K a for extracellular genes was 0.17, and the median K a for intracellular and control genes was 0.09. The median ω for extracellular genes was 0.11 and for intracellular and control genes ω was 0.06.
When comparing the distribution of ω values for each group of IIS/TOR genes to the distribution of the ω values for the control genes, the extracellular genes were 8.4 times more likely than control genes to reside in the highest 5% of ω values (OR, 8.37; 95% CI, 2.12, 33.08). In comparison, the intracellular genes were not significantly more likely than controls to be in top 5% (OR, 2.21; 95% CI, 0.82, 5.51). These odds ratios imply that the extracellular group contains the fastest evolving components of the IIS/TOR network.
Evidence for Positive Selection. To understand how positive selection may have shaped the genes within the IIS/TOR network, we used the branch-site test in PAML, which tests for molecular evolution at the nucleotide level with functional impacts at the protein level. In the first analysis, the branch leading to reptiles was tested for evidence of positive selection (i.e., was placed in the "foreground," which functions to test the predicted ancestral reptile against all mammals). Eighteen genes showed significant signatures of positive selection along this branch leading to reptiles, six of which remained significant after sequential Bonferroni correction: IGF2R and five intracellular genes [protein kinase C gamma (PRKCG), inositol polyphosphate phosphatase-like 1, phosphatidylinositol 3-kinase regulatory subunit (PIK3R), IRS1, and IRS2] (Table S3 ). In the second analysis, with the branch leading to mammals designated as the foreground branch, testing this predicted ancestral mammalian branch against all reptiles, 23 genes showed significant signatures of positive selection, 9 of which remained significant after sequential Bonferroni correction. This group included most of the genes that were significant along the reptile branch (IGF2R, IRS1, IRS2, PRKCG, and PIK3R), as well as others (Table S3) .
We also performed the branch-site test with specific lineages within reptiles, because previous research indicated that genes of the IIS/TOR network may be under strong positive selection in Squamata (lizards and snakes) (34) (Table S3) . Overall, the branch leading to Squamata had more genes under positive selection (number of genes = 7 of 61) than on the branches leading to crocodilians (n = 6), birds (n = 1), and turtles (n = 5) (when separate tests were conducted for each), i.e., minor differences (Table S3 ). In additional tests using the clade model, we found that snakes had larger ω relative to the rest of the tree (paired Wilcoxon-sign rank test, V= 24, P = 0.04) across the 15 IIS/TOR network genes that were significant after multiple test correction.
Positive Selection in the IIS/TOR Hormones and Receptors Show
Clade-Specific Patterns. Positively selected sites [i.e., those indicated by PAML branch-site models with Bayes Empirical Bayes (BEB) score of 0.9 or greater] were analyzed in the context of the protein structure and predicted protein-protein interactions between insulin/IGF hormones and their receptors. We found reptile-and mammal-specific patterns of positive selection in the hormone and receptor domains that are important for binding affinity. First, the mature INS hormone (containing protein domains A and B) was conserved in reptiles and mammals, whereas the C-peptide that is cleaved from the mature insulin protein (35) contained four positively selected sites in mammals. Second, 5 of the 12 amino acids of the C-domain in IGF1 in reptiles, but none in mammals, were positively selected. Third, for IGF2, 3 of the 16 amino acids of the C-domain in mammals, but none in reptiles, were positively selected ( Fig. 2A) .
IGF hormones bind to the receptors IGF1R and INSR by interacting with specific domains on each receptor (L1, CR, and L2) (36, 37) . Variation in the C-domain of IGF1 and IGF2 can regulate binding specificity to IGF1R (38) and to INSR (39) through the interactions of the C-domain of the hormones with the CR-domain in the binding pocket of IGF1R and INSR (36) (Fig. 2B) . Specifically, previous mutagenesis studies revealed that altering one of the positively selected sites (IGF1 C-domain R37, human numbering used throughout) disrupts IGF1-IGF1R binding (16, 40) . In reptiles, positively selected sites were clustered on the hormone-binding surface of the IGF1R CR domain and in the binding pocket of INSR. They include IGF1R site F251, which affects IGF1-IGF1R binding in humans through its interaction with the IGF1 C-domain (36) (Table S4) .
In therian mammals, IGF2R binds IGF2 with relatively high affinity, but studies of this interaction in reptiles (mainly chickens) have yielded conflicting results (18, 21, 41, 42) . We found that IGF2R has been shaped by putatively strong positive selection within reptiles and positively selected sites clustered on the IGF2R protein surface in domain 11, which is intimately involved in binding IGF1 and IGF2. Several of the positively selected sites on the protein surface of IGF2R in reptiles are essential for binding IGF2 based on mutagenesis studies and the crystal structure of the IGF2R-IGF2 complex (e.g., Y1542) (43-45) (Fig. 2C and Table S4 ). Although some variants in IGF2R would predict decreased binding to IGF2, such as in chicken, many variants in snakes and lizards predict increased binding to IGF2 and/or IGF1 because they exhibit similar biochemical properties as the human amino acids (e.g., Y1542F in snakes and Y1542L/M in lizards; Table S4 ). Utilizing Coevolutionary Analysis Using Protein Sequences (CAPS) (46), we identified that amino acid site P4 of IGF2 is coevolving with the positively selected site on the binding surface of IGF2R (site R1623, ρ = 0.4, P < 0.01) in reptiles (Fig. 2C) . Among reptiles, MatrixMatchMaker version II (MMMvII) (47) identified sunbeam and viper boa snakes as having the tightest coevolutionary signal between IGF2 and IGF2R (ρ = 1), and identified brown anole, green anole, and gecko lizards as having the tightest coevolutionary signal between IGF1 and IGF2R (ρ = 0.33). Thus, among reptiles, IGF2R binding of IGFs is most likely to be found in the Squamates.
Binding Proteins Exhibit Putative Truncations of Important Functional
Domains. IGF binding proteins bind to IGF1 and IGF2 in the bloodstream to regulate their bioavailability (48, 49) . These IGFBPs are characterized by N-and C-terminal domains that cooperate to bind IGFs; protease cleavage separating these domains decreases affinity to IGFs. In both reptiles and mammals (except primates), many of our assembled IGFBP transcripts were either completely missing the N-terminal domain or it was truncated (Table S5 and Fig. S3 ). As assembled, these transcripts would produce truncated proteins with diminished binding affinity to IGF1 and IGF2. We summarize putative losses and truncations in Table S4 to serve as a hypothesis-generating resource for future validation work. Most evident is IGFBP6, which was neither found in any archosaurs (birds and crocodilians) nor in platypus (8) . The 5′ end of IGFBP6 was truncated in nearly all other reptiles including genome-derived ENSEMBL sequences of the Anolis lizard and the Pelodiscus (Table  S3) . (A) Reptile and mammal IGF hormones with their protein domains color coded. Positively selected sites cluster on the C-domain of reptile IGF1 but are not present in the C-domain of the reptilian IGF2. In contrast, positively selected sites cluster on the C-domain of mammal IGF2. (B) The α chain of reptile IGF1R homodimer with hormone binding domains L1, CR, and L2 labeled. The square is an enlargement with IGF1 orientated in the IGF1R binding pocket to demonstrate the clustering of positively selected sites on the interacting IGF1-IGF1R binding surfaces (36) . Labeled sites (IGF1 S37 and N251; human numbering) are known to affect IGF hormone and receptor binding (Table S4 ). (C) Domain 11 of reptile and mammal IGF2R with IGF2 oriented toward the binding pocket to demonstrate the clustering of positively selected sites on the reptile IGF2R binding surfaces (43, 44) . The magenta sites on reptile IGF2 and IGF2R were identified as coevolving amino acids using CAPS (46) . Labeled sites IGF2R (1558 and 1609; human numbering) are predicted to regulate IGF2-IGF2R binding (Table S4) . Like mammals, some lizards have IGF2R N1558.
turtle. Furthermore, in examining the three N-terminal amino acids that are conserved across all binding proteins in humans (49) , only one of these amino acids was conserved in only two snake species in IGFBP6, although all three sites were conserved across the reptile IGFBP2-5. For those amino acids important for binding IGFs and specific to IGFBP6 (49), only 7 of 12 are conserved in reptiles. Two of these seven conserved amino acids have additional functions beyond IGF binding, which requires conservation (Fig. S3 ). These multiple lines of evidence suggest that IGBP6 does not function as an IGF binding protein across the reptile clade.
Discussion
We conducted extensive evolutionary analyses of the IIS/TOR network in amniotes (i.e., mammals and reptiles, including birds) and uncovered fundamental differences between reptiles and mammals in the evolution of this centrally important network. Our analyses revealed that members of the IIS/TOR network have exceptionally fast evolutionary rates between reptiles and mammals compared with a proxy for the rest of the genome. More specifically, the extracellular network is a target of positive selection, and the location of the selected sites suggests changes in the hormone-receptor binding relationships in reptile-and mammal-specific patterns.
Members of IIS/TOR Network Are Outliers in Evolutionary Rate.
Members of the IIS/TOR network, especially the extracellular hormones, receptors, and binding proteins, exhibit remarkably high reptile-mammal divergence compared with control genes.
Our results complement those of ref. 24 , who found that the IIS/ TOR network across human populations is enriched for genes evolving under positive selection relative to a sample representing the genomic background. Across the amniote scale that we examined, many evolutionary innovations have arisen (e.g., feathers/hair, leglessness, endothermy), and each was likely accompanied by substantial molecular evolution. However, within the 1,478 total genes that we analyzed (61 IIS/TOR network genes plus 1,417 non-IIS/TOR genes), the evolution of the IIS/ TOR extracellular network is a prominent outlier in reptilemammal divergence. Our results provide additional evidence that the phenotypes governed by this pathway, including metabolism and life histories, are key differences between reptiles and mammals. Our data show that multiple IIS/TOR genes are under positive selection in one or more lineages of amniotes. Importantly, these include genes that encode proteins in critical nodes of the IIS/ TOR network that mediate the intracellular signal (e.g., IRS and PI3K) (5) and extracellular nodes that regulate the initiation of the cascade (IGF1R, INSR, IGFBP4, IGFBP5, and IGF2R). Although these genes are implicated in aging and disease phenotypes (3, 50), here we find they are also under positive selection among amniote species. Because vertebrate IIS/TOR connects with many other networks, we cannot directly compare our results to studies in the more simplified invertebrate network (23, 26, 27) . However, our findings of elevated ωs agree with those of ref. 28 and supply further support that extracellular components are among the fastest evolving genes in the IIS/TOR network (22) , as is likely true in other networks. Overall, our data are in agreement with reports that receptors and other extracellular components of signal transduction pathways appear to be under less purifying selection than intracellular components (51) (52) (53) . Indeed, our data indicate that one potential driver of differences in evolutionary rates among genes in the network may be the number of interactions that a gene has with other genes or proteins (i.e., connectivity; SI Results) similar to what has been seen in other systems (54) (55) (56) , but see refs. 27, 57, and 58).
Evolving Interactions in the Extracellular Network. Our data strongly support the conclusion that many of the IIS/TOR extracellular proteins have undergone positive selection. Detailed evaluation of the protein structure of the hormones, receptors, and binding proteins of IIS/TOR suggests that these binding relationships are targets of clade-specific selection between mammals and reptiles. In reptiles, structural evaluations indicated that residues on the interacting binding surfaces of IGF1 C-domain and the IGF1R CR-domain are under positive selection. Specifically, positively selected amino acid sites identified by our models have previously been shown to modulate binding when altered in humans (16) . More broadly, mutations predicted to affect this binding relationship are associated with longevity in humans (59) and model organisms (3). In contrast, positive selection on the IGF2 C-domain in mammals suggests that IGF2 binding affinities with both INSR and IGF1R may be targets of positive selection in mammals. The positive selection putatively affecting hormone-receptor binding relationships across amniote species equates to selection at the cell surface start of the IIS/TOR signaling cascade. Functional studies are necessary to further our understanding of the regulatory effects of these changes and the stability of the physiological roles of extracellular IIS/TOR proteins across amniotes.
Juvenile and adult IGF2 gene expression is observed in humans (60, 61) and fish (62), but not in adult mice and rats (the typical vertebrate models for studying the IIS/TOR network) (63) . We found IGF1 and IGF2 gene expression in each of our reptile transcriptomes, regardless of whether the source liver was from a juvenile or an adult (Table S2 ). This observation underscores the importance of broad taxonomic sampling for understanding the function and evolution of pathways important to human health-for which rodent models may not always be the most appropriate. Together, our molecular evolution and expression data suggest that the IGF2 protein may have a more stable role in IIS/TOR signaling across reptiles, in contrast to the more variable and specialized roles of IGF2 across mammals (64) .
IGF2R-IGF2 binding is believed to have evolved in therian mammals for maternal regulation of paternally imprinted IGF2 (10) . This hypothesis of mammalian-specific function was bolstered by early studies showing that IGF2R does not effectively bind IGF2 in chicken (18, 21, 41) , Xenopus (18), or monotremes (10) , and IGF2R has lower affinity for IGF2 in marsupials compared with placental mammals (19, 20) . However, more sensitive assays have indicated that IGF2R-IGF2 binding occurs in chicken, trout, and garden lizards (42, 65, 66) , which counters the claim that measurable IGF2-IGF2R binding is confined to mammals. Our data provide support for the hypothesis that positive selection drove the high-affinity binding between IGF2R and IGF2 in placental mammals relative to monotremes and marsupials. Our data also call into question the assumption that IGF2R does not bind IGF hormones in reptiles. IGF2R in chicken contains a substitution thought to inhibit IGF2 binding ability (isoleucine to leucine at 1572, I1572L) (67, 68) . However, our work shows that this amino acid is a conserved isoleucine in many reptile species, even within other birds (66) . Additionally, many of the sites that are important for binding of IGF2 to IGF2R in mammals are conserved across most reptiles in our study. Because chickens have typically been used as the sole representative of the reptile clade, we suggest that this narrow sampling promoted the premature conclusion that IGF2 binds IGF2R only in mammals. Further, in reptiles, we found a signal of coevolution between IGF2 and IGF2R in our CAPs and MMMvII analyses. Additionally, we found three sites under positive selection on the surface of the IGF1 that would likely promote binding with IGF2R (34, 67) . Thus, by extending the comparative genomic landscape, we suggest that IGF-IGF2R binding may not be unique to therian mammals but also may occur in some reptile species.
IGF binding proteins regulate the ability of hormones to activate receptors through steric hindrance, thereby limiting the bioavailability of IGF1 and IGF2 to initiate the IIS/TOR signaling cascade (49) . Intriguingly, we found that many reptile species appear to have truncated or missing N-terminal domains across the IGFBPs that would decrease IGF binding affinity. Confirming results from ref. 8, IGFBP6 was not recovered from opossum, platypus, or any bird or crocodile. When identified in our other reptile transcriptomes and ENSEMBL-derived genomic data, the N terminus of the protein was truncated. These data suggest that across reptiles, IGFBP6 is not functioning as an IGF binding protein. Like IGF2-IGF2R binding, IGF2-IGFBP6 binding in mammals functions to regulate IGF2 levels during embryo development in placental mammals (69) . The putative loss of this regulatory mechanism in both reptiles and some nonplacental mammals is particularly interesting given that placentation has evolved not only in mammals but also in various snake and lizard species (70) . Thus, our data suggest that in many reptiles (i) IGFBP6 has been lost, (ii) IGF2R binds IGF hormones, and (iii) novel positive selection characterizes IGF1-IGF1R binding. Therefore, future functional assays should address the role of IIS/TOR extracellular signaling in the evolution of viviparity and placentation in Squamates, relative to that in placental mammals (10) and placental fish (9) .
Comparative Genomics Approach. The insights our study provide into the evolution of the IIS/TOR network were previously unattainable without adequate molecular resources in reptiles. Our work adds to the recent discoveries of rapid evolution of genes involved in development and metabolism in the branch leading to modern snakes (71) and of regulatory innovation in IGFBP2 and IGFBP5 in the branch leading to modern birds (72) . Although de novo transcriptome assemblies may not fully reveal all biologically important signals in data (such as species-specific isoforms and very recent paralogs) (73) , when combined with available genomes, ours revealed insights into the evolution of the IIS/TOR network. Although the core of the IIS/TOR network is conserved in animals (4, 5), we found high divergence and selection on genes in this network between mammals and their sister clade reptiles (including birds). The extracellular genes of this network had exceptionally fast divergence between reptiles and mammals relative to genomic background, and many genes have been shaped by positive selection. Hormones, receptors, and binding proteins that are essential for producing a physiological response to environmental stimuli have undergone taxon-specific patterns of positive selection. Our results suggest that key paralogs have subfunctionalized or neofunctionalized between reptiles and mammals and that this network may underlie fundamental life history and physiological differences between these clades.
In a larger context, the strength of comparative biology in understanding human health and disease lies in its power to distinguish conserved vs. flexible mechanisms of normal and disease states and thereby suggest worthy targets of biomedical research into future interventions (74, 75) . For example, lifespan extension is observed with mutant IGF1, IGF1R, and IRS across diverse model species (3, (76) (77) (78) (79) -where a shared effect on IIS/TOR signaling is to either decrease rates of signaling by disrupting protein-protein interactions or to decrease normal levels of hormone or receptor. In addition, the IIS/TOR network has been associated with longevity in humans (59, 78, (80) (81) (82) . Likewise, our comparative genomic analyses show that many IIS/TOR genes are variable across amniotes and that the binding affinities of IGF1, IGF1R and INSR, and thereby the initiation of IIS/TOR signaling, is likely impacted. Future comparative analyses of the IIS/TOR network across amniotes and within reptiles may provide unique insights into the regulation of body size, reproductive investment (e.g., placentation), and rates of aging (83) .
Materials and Methods
We used transcriptomic and genomic data across amniotes to evaluate molecular evolution of the IIS/TOR pathway between reptiles and mammals. All animal protocols were approved by the Iowa State University Institutional Animal Care and Use Committee (log 3-2-5125J). De novo liver transcriptome assembly was performed in Trinity (Table S2) , and some gene sets were obtained through past studies (Table S2 ). The longest ORF from each assembled transcript was used for defining homologs through OrthoMCL (29) . Sequences within each putative ortholog were further clustered so that a single transcript represented each ortholog from each species. Transcripts were translated, and amino acid sequences were aligned with MSAprobs (84) . Alignments were back-translated to the original nucleic acids with RevTrans (85) and trimmed of poorly aligned regions using Gblocks (86) .
These cleaned nucleotide alignments were analyzed for molecular evolutionary parameters and models of sequence evolution in PAML (31) . Positively selected sites for extracellular genes were predicted for reptiles and mammals using the branch-site model in PAML. Sites with signatures of positive selection were evaluated for putative functional significance on human protein structures from the Protein Data Bank (PDB) or predicted reptile structures from homology modeling of snake sequences onto human structures. Hormone and IGF2R amino acid alignments were used for coevolution analyses with CAPS (46) [significance of permutations (P < 0.01) detailed in SI Materials and Methods] and MMMvII (47) (tolerance level: 0.2).
We describe each of these steps in detail in SI Materials and Methods. i) The transcriptome assembly for each of the 18 individuals sequenced. These assemblies contain the longest ORFs produced by Trinity, which were then clustered by UCLUST into centroids to reduce redundancy within a single species' transcriptome. A centroid may have collapsed multiple isoforms, truncated transcripts, and alleles from a gene, but it may also have collapsed very recent paralogs. ii) Trinotate annotation databases for each individual. The IDs in the database correspond to the centroid IDs in the transcriptome assembly described above. iii) Putative ortholog amino acid alignments and corresponding nucleotide alignments. We used OrthoMCL to cluster ORF centroids into putative orthologs from all of the species included in this study. Data are available as separate files for each ortholog (104,235 total orthologs with two or more species). Additionally, we included a spreadsheet showing the best BLAST hit of each putative ortholog cluster to the uniprot database. iv) "Best" ortholog amino acid and nucleotide alignments. The 104,235 putative orthologs described above often contained more than two representative sequences per species. For the first 15,000 putative orthologs (those with the most species included in the alignments), we used UCLUST to find the best representative per species per ortholog by taking the sequence that was closest to the centroid for that ortholog. v) The final nucleotide and amino acid alignments for the 1417 "control genes." vi) The hand-curated nucleotide and amino acid alignments for 61 IIS/TOR network genes.
SI Materials and Methods
Sample Collection. Animals or tissues used in this study were provided by colleagues or our research colonies. Each individual was maintained or shipped to Iowa State University (ISU). In agreement with ISU Institutional Animal Care and Use Committee protocol 3-2-5125J, animals were euthanized by decapitation, exsanguinated, and dissected with relevant organs snap frozen. The exceptions were the cottonmouth and alligator (Agkistrodon piscivorus and Alligator mississippiensis), which were euthanized onsite in Texas and California, respectively, following our established protocol; snap-frozen tissues were sent to ISU. The animals used were of a variety of ages and both sexes, thus findings reported here are robust to variation in transcripts that depend on age, sex, and rearing condition (Table S2) . Table S2 ). This Thamnophis pool (one T. couchii and two T. elegans individuals) was sequenced twice, resulting in larger amounts of data available overall for these two species. None of the libraries were normalized. The raw reads for the 15 species excluding Thamnophis species can be found at the SRA SRA062458. The raw reads for the three garter snake liver transcriptomes (i.e., one from T. couchii and two from T. elegans) can be found at the SRA SRP017466 (samples HS08, HS11, and TC).
Processing and de Novo Assembly of Reads. For de novo assembly of each species' transcriptome, we used the Trinity version released on February 25, 2013 (2) . Original reads were processed by the following methods.
The following processing steps were performed using the Fastx tool kit, (hannonlab.cshl.edu/fastx_toolkit/), Cutadapt (3), and Trimmomatic (4). i) Fastx_trimmer was used to remove the first base, as Illumina personnel indicate that this base can be unreliable (Gary Schroth). ii) Cut-adapt was used to trim adapters from the 3′ ends of reads with an allowed error rate of 0.01. iii) Trimmomatic was used to remove reads with sliding windows of 6bp that had average quality scores of 30 or less, and then reads less than 30 bp in length were removed.
From this point, reads that were orphaned (only the left or the right remained after processing) were removed from the left and right read files. These reads were placed at the end of the left read files, as specified in the Trinity manual. All default settings were kept for transcriptome assembly. To evaluate the quality of a transcriptome assembly, we aligned the assembled Trinity transcripts to the proteins of the UniProtKB/ Swiss-Prot database downloaded on March 21, 2013 using blastx with an E-value cutoff of 1e-20 and allowing only a single target sequence to be reported. Next, we determined the percent of the UniProtKB/ Swiss-Prot protein that aligned to the best matching Trinity transcript through the perl script analyze_blastPlus_topHit_coverage.pl provided through Trinity.
Likely coding regions (ORFs) were extracted from Trinity transcripts using Transdecoder. These ORFs were clustered into centroids using USEARCH (6) separately for each transcriptome (see below for a more detailed description).
The coding sequence of the peptides produced by Transdecoder and the centroids were also analyzed with the analyze_ blastPlus_topHit_coverage.pl script provided by Trinity to determine the percent length of coverage for the top hit in the UniProtKB/Swiss-Prot database. We conducted this analysis on the best ORF sequences and separately on the centroids to examine whether the Transdecoder or USEARCH processes resulted in ORFs that spanned a greater percent length of their best blast hit relative to the originally produced Trinity transcript contigs. Blastx analysis of the original Trinity transcripts to the UniProtKB/Swiss-Prot database resulted in an average of 54.10% (SD = 5.82%; median = 55.19%) of transcripts that matched a hit in the UniProtKB/Swiss-Prot database, covering at least 80% of the length of their best blast hit. This number increased slightly when the best ORF transcriptomes provided by Transdecoder (average: 56.30%; SD: 5.50%; median: 56.64%) or the USEARCH centroids (average: 58.00%; SD: 5.74%; median: 58.41%) were used in the Blastx analysis.
Last, because the Anolis carolinensis genome is published, we examined the percent length of transcripts from the best ORF analysis from Anolis sagrei, which aligned to the Anolis carolinensis genome, using BLAT (7) (similar alignment tool to BLAST) to provide a complementary measure of how many full-length transcripts were assembled. We did not do this for Alligator because this genome is less complete and low-length measures can be a reflection solely of a fragmented genome assembly.
We aligned Anolis sagrei Trinity-assembled Transdecoder-filtered RNAseq data to the Anolis carolinensis genome v2.0 genome scaffolds. From this, we found that 67% of transcripts aligned over at least 95% of their length with at least 80% identity, suggesting that ∼67% of our transcripts represent nearly full-length transcripts. Interestingly, 89.5% of transcripts aligned over at least 25% of their length, and only 51.3% of transcripts aligned over 99% of their length, indicating that, although many of our transcripts are present in the Anolis carolinensis genome, our assembly of RNAseq data did not capture all full-length transcripts. These percentages were comparable for the centroids (65.4%, 88.8%, and 49.3%, respectively).
The peptides from Transdecoder and centroids created in USEARCH were annotated with the Trinotate pipeline, which incorporates homology searches, protein domain identification, protein signal prediction, and evaluation with EMBL Uniprot eggNOG and GO Pathways databases. Specifically, we used Trinotate to use blastp to find the top hit in the UniProtKB/SwissProt database (maximum e-value cutoff 0.001), HMMER to query the PFAM database downloaded on March 29, 2013, signalP to predict the presence and location of signal peptide cleavage sites, and tmHMM to predict transmembrane helices in proteins. The final Trinotate report was made with an e-value cutoff of 0.001 for reporting the best blast hit and additional annotations. On average, 77.62% of the best ORFs had matches in UniProtKB/Swiss-Prot database (maximum e-value cutoff of 0.001), 61.17% had matches in the PFAM database, 5.73% had matches in signalP, and 12.38% percent had matches in tmHMM. On average, 18.3% of centroids were left with no annotation from any procedures performed
Identifying Candidate Orthologs and Generating Multiple Species
Alignments. For any comparative evolutionary analysis, identification of putative orthologs and accurate alignment are essential but can be extremely challenging due to paralogs and alternative splicing. In addition, we found that in some cases, a particular species may have Trinity transcripts that blasted with high confidence to the particular gene of interest, but this species was unrepresented in our final multiple species alignments because Transdecoder did not include the transcript from that particular gene in its best ORF candidate file. To avoid this complication, we only used ORFs from the longest ORF file and not the best ORF predictions.
We reduced overlap between the ORFs for each individual species using USEARCH (6) with an identity threshold of 95% of the nucleotide sequences sorted by length (gaps are counted as differences in USEARCH). Because our goal was to cluster isoforms to have one representative sequence per gene, we reduced the gap penalties to the settings -gapopen 5I/1E -gapext 0.1I/0.1E. These clustered centroids were used for all subsequent analyses.
For these clustered ORFs for each species (centroids from USEARCH), we identified putative 1:1 orthologs across species using OrthoMCL (8), a program that is based on reciprocal best blast hits. We analyzed a dataset that contained 74 total samples: the 18 samples from our transcriptome project and 56 additional transcriptomes and gene sets available from genome projects and other past studies (Table S2 ). These literature-derived transcriptomes were made with various technologies and sometimes pools of individuals. We used the transcriptome assemblies provided by the authors in all cases. Transdecoder and USEARCH were run on literature-derived transcriptomes and RNA sets downloaded from NCBI. Ensembl protein sets, and associated cDNAs were downloaded from the Ensembl website and used without additional processing steps. Species from Ensembl, where the protein or gene datasets contained large contiguous stretches of unknown bases, were not included in our analysis. All amino acid and corresponding nucleotide clusters are available as separate files (104,235 total orthologs with two or more species) on Dryad along with a spreadsheet showing the best blast hit of each ortholog cluster to the uniprot database. In total, we started with 74 species, but pared this to 66 species for the alignments because the additional eight species were not well represented. These eight species (as named in the alignments: Python, Quail, Phrynops, Tuatara, Caiman, Caretta, Elaphe, and Emys) generally had lower quality or quantity of reads mined from previous studies, and all 74 species are represented in the original alignment data available through Dryad: dx.doi.org/10.5061/dryad.vn872.
We focused our analysis on 61 genes in the IIS/TOR network. The final set of genes ( Fig. S1 and Tables S1 and S3) was determined by presence in KEGG pathways for Human Insulin Signaling (KEGG 04910) and Human mTOR (KEGG 04150) (9, 10), connections with Panther Pathways for MAP kinase cascade and insulin/IGF pathway-protein kinase B signaling cascade, and/or previous publications (11) . We specifically wanted to include the extracellular hormones, receptors, and binding proteins in the insulin signaling network, which had not previously been included.
To identify this focal set of genes in our OrthoMCL orthologs, we performed two searches using Blastp. We made a reference gene set from the KEGG proteins from chicken or anole. This reference gene set was used as a blast database, and Blastp was used to find hits of our translated orthologs to the KEGG-derived protein blast database with an e-value cutoff of 1e-5. We also required a percent identity of at least 50% and at least 60% of our ortholog to align to the KEGG protein. Second, we conducted a Blastp search using uniprot as the blast database. We used Blastp to identify the best hit in the uniprot blast database for each of our OrthoMCL-defined orthologs. For genes to be included in our subsequent analyses, we used only those OrthoMCL-defined orthologs where both the criteria for the KEGG protein blast was met, and the description/name of the best blast hit from the uniprot blast output matched the name of the focal KEGG protein.
For the genes of interest, many of the OrthoMCL-defined orthologs contained multiple sequences from each species. Our goal was to generate alignments with one sequence per gene per species. We reduced redundancy in each OrthoMCL-defined ortholog using USEARCH as above. For each species, we used only the sequence that was most like the centroid of the USEARCHclustered OrthoMCL-defined ortholog. In a few cases, reptiles and mammals formed separate clusters. All genes were clustered with identical parameters in USEARCH; however, the few genes that exhibited taxon-specific clusters may be particularly fast evolving genes. For example, IGF2, PPP1R3D, MKNK1, and SOCS1 had mammal-specific and reptile-specific clusters. In some cases, we were able to combine these genes that appeared in separate clusters into one single multiple sequence alignment (e.g., IGF1R).
For IRS4, marsupials and reptiles were clustered separately by USEARCH, and placental mammals were grouped in a separate ortholog by OrthoMCL. We did not combine these clusters for further analyses because the sequences were too divergent to create robust alignments. IRS4 has been identified as being under positive selection in other studies (12, 13) , indicating that the alternative explanation for high divergence [i.e., that mutations in IRS4 function may be tolerated with only moderate phenotypic consequences (14) ] may have weaker support. IRS4 is located on the X chromosome in mammals and chromosome 4 in chicken, and therefore it may be subjected to different selection pressures in placental mammals vs. reptiles-which includes birds-due to its different location in the genome (has three fourths the effective population size in mammals as autosomal genes). As with the other IRSs, IRS4 interacts with the intracellular domain of the insulin receptor and IGF1R (15) (16) (17) . IRS4 functions in the cytoplasm in cell cycle progression and growth (18) . It is also linked with decreased litter size, reduced growth and glucose homeostasis (14) , and reduced maternal nurturing and canonical maternal behaviors in mice (e.g., aggression against intruders and extended latency in retrieving wayward pups) (14, 19) . Given the high divergence of IRS4 in reptiles and mammals, it would be interesting to pursue whether IRS4 serves a particularly important role in physiological differences between reptiles and mammals.
For each putative ortholog clustered by USEARCH, we created multiple species alignments of the amino acid sequences using MSAProbs (20) , which is more accurate than many other common aligners (21, 22) . RevTrans (23) and the original nucleotide sequence for the centroid were used to generate nucleotide alignments from amino acid alignments. The command line version of TranslatorX (24) was used in conjunction with the MSAProbs alignments to produce Gblocks-cleaned amino acid and nucleotide alignments (25, 26) with the commands "-c 1 -t T -g -b4 =2 -b5 =a -b3 =10 -b2 =34 -t =p -p=s." Because the nucleotide sequences were predicted ORFs from Trinity, we did not expect translation of the nucleotides to produce withinspecies frameshifts or stop codons; thus, we did not use a more sophisticated program such as MACSE (27) .
For additional quality control of the test gene alignments, we visually inspected the alignments to ensure they were correctly aligned. Typically, editing included fixing aligned gaps and truncated sequences with obviously different start or stop codons causing small chunks at the beginning and end of an alignment for one or several species to be substantially different from all others. We made every effort to be as conservative as possible. In addition, we ensured that no paralogs were present in the alignments by blasting (with Blastp) each sequence in each alignment to the uniprot database and confirming that, for a single alignment, all sequences had a best blast hit with gene names identical to the expected for that gene. These measures were not performed for the control genes due to the enormity of manual correction for so many alignments. This approach makes comparisons between focal genes and control genes more conservative, as poorer quality alignments for control genes would artificially inflate how much positive selection is found in the control genes (28) .
We also note that Gblocks is thought not to perform well, especially with indels (29) , and therefore for a subset of genes (n = 70), we also used PRANK and GUIDANCE (30) . We found that the nucleotide alignments contained on average 64.1% gaps (minimum = 17.4%, maximum = 95.3%) when generated by PRANK and GUIDANCE and 12.7% gaps (minimum = 0.2%, maximum = 31.5%) when processed with MSAProbs and Gblocks. For this reason, we favored the alignments generated with MSAProbs and GBlocks and used this method for all other alignments. The final focal gene alignments are available through Dryad: dx.doi.org/10.5061/dryad.vn872.
Classification of Connectivity. Because a gene's position and extent of connections with other genes in a network influences the impact that mutations might have on the target phenotype (31, 32), we were interested in investigating whether more highly connected genes [defined as the number of other genes or proteins to which a gene is directly connected (33) ] have a different evolutionary rate than peripheral genes with few connections. To estimate the level of connectivity for each gene in the IIS/TOR network, we used NetworkAnalyzer (34) within Cytoscape v3.1.0 (35) to calculate the connectivity of all nodes in the BioGrid human reactome 3.2.95 (36) (including protein-protein and proteingene interactions). We focus on the measures of node degree (i.e., connectivity) and betweenness centrality (34) . Node degree (i.e., connectivity) is the number of edges or interactions that gene has with other genes or proteins. Betweenness centrality ranges from 0 to 1 and reflects the amount of influence a node exerts on the interactions of the other nodes (37).
Molecular Evolutionary Analyses. For many of the analyses of molecular evolution, we required a tree that best represented the species tree for the 66 taxa included in our analyses. Because no single study exists with the tree for all of these species, we combined results from refs. 38 to 45 to generate a tree topology without branch lengths. Newick Utilities (46) was used to prune trees that contained fewer than the total 66 species.
Control Genes. We identified 1,417 putative orthologs that contained all 66 species and referred to these as control genes. The control genes may be biased toward being conserved, as it is conceivable that conserved genes are more likely to be recovered for all 66 species. Our dataset of 61 focal IIS/TOR genes generally contained most of the 66 species. In this focal gene set, 20% of the genes contained all 66 species and 62% of our focal genes contained 60 or more species (median = 62; mode = 66; mean = 58.4). The missing species in our 61 focal genes were mostly from the species for which we only had liver transcriptomes, and these species could potentially be missing in the alignments because the missing genes were not expressed in the liver and not because they were too divergent to be included. Therefore, we conducted two supplemental analyses using a reduced number of genes to test how sensitive our conclusions were to the specific control genes in our study. Supplemental analysis I. First, we conducted an additional analysis that limited our focal gene dataset to the 48 genes containing between 56 and 66 species (mean: 62.6 species; median: 63.5; mode: 66 species). Although this is not a perfect comparison with the controls, this 48 focal gene set represents a very similar species number distribution as the control gene dataset. This analysis was consistent with the findings of the original 61 focal gene set; therefore, we present the 61 focal gene set in the main text.
Briefly, results from our analyses of this reduced 48-gene IIS/ TOR dataset include the following: i) Extracellular genes of the IIS/TOR network exhibited greater divergence between mammals and reptiles than 1,417 control genes and intracellular genes. Extracellular genes had equivalent Ks compared with control genes (Wilcoxon rank sum test, W = 3818, P = 0.111), but had notably greater median ω (W = 2847, P = 0.015) and K a (W = 2162.5, P < 0.003). Compared with intracellular genes, extracellular genes also had significantly higher ω (W = 243, P = 0.022) and K a (W = 266, P = 0.004), but Ks did not differ (W = 199, P = 0.287). ii) Collectively, the intracellular IIS/TOR genes within the 48-gene set did not have elevated median K a , Ks, or ω compared with control genes (P > 0.287 in all cases). For ω and K a , the medians for intracellular and control genes were very similar. Specifically, the median Ks for extracellular genes was 1.91; the median Ks was 1.61 for intracellular genes and 1.51 for control genes. The median K a for extracellular genes was 0.16; the median K a was 0.087 for intracellular genes and 0.083 for control genes. Finally, the median ω for extracellular genes was 0.10; ω was 0.051 for intracellular genes 0.054 for control genes. iii) When comparing the distribution of ω values for extracellular vs. intracellular IIS/TOR genes in the 48 focal gene set to the distribution of the ω values for the control genes, the extracellular genes were 6.5 times more likely than control genes to reside in the highest 5% of ω values (OR, 6.51; 95% CI, 1.29, 32.86). The intracellular genes were not more likely than controls to be in the top 5% (OR, 1.00; 95% CI, 0.236, 4.219). These odds ratios imply that the extracellular group contains the fastest evolving components of the IIS/TOR network. These three conclusions are in agreement with the 61 focal gene set analyses, which includes some genes with fewer species, presented in the main text.
Supplemental analysis II. In addition to the 48 IIS/TOR focal gene analysis detailed above, we conducted a second analysis to address a different potential issue with the control genes. Specifically, to assess how potentially conserved the original 1,417 control genes with 66 species were, we identified additional control genes that contained phylogenetically-matched species sets as our 61 IIS/ TOR focal genes. In many cases, we only had a single phylogenetically matched control gene for any given IIS/TOR gene. We constructed a focal data set of 43 IIS/TOR genes (31 focal IIS/ TOR genes with phylogenetically matched controls + 12 focal IIS/TOR genes that contained all 66 species) and compared K a /Ks between the 43 focal genes and the 43 phylogenetically matched control genes. These 43 pairs of matched focal and control genes contained between 34 and 66 species (mean: 61 species; median: 64 species; mode: 66 species). When there was more than one phylogenetically matched control gene for a particular focal gene, we used a random number generator and took the control gene with the largest random number. Although we would have liked to phylogenetically match all original IIS/TOR focal genes with fewer than the total 66 species to a control gene, or even multiple control genes, we did not have phylogenetically matched controls in all cases. For these 43 pairs of matched focal and control genes, the K a /Ks and K a values are somewhat elevated in the phylogenetically matched control gene set relative to the full set of 1,417 control genes (K a /Ks phylo-match 43 control genes: 0.076; original 1,417 control genes: 0.054; K a phylo-match 43 control genes: 0.115; original 1,417 control genes: 0.083). However, extracellular genes (n = 7 that had phylogenetically matched controls) still had significantly larger K a values and marginally nonsignificant K a /Ks even compared with the phylogenetically matched control gene set. One-tailed Wilcoxon rank sum tests indicated that trends were identical in the 43 matched control-focal comparisons relative to the other two gene sets we analyzed. Median K a values were significantly different between the seven extracellular genes and their phylogenetically matched control genes (W = 83.5, P = 0.032), K a /Ks values were marginally nonsignificant between extracellular and control genes (W = 100.5, P = 0.083), and Ks values remain nonsignificant between extracellular genes and controls (W = 120.5, P = 0.204). We suspect that the K a /Ks Wilcoxon test is not significant in this reduced gene analysis due to a lack of power. In addition, many of the extracellular genes that were consistently found to be under positive selection within PAML (IGF1, IGF1R, IGF2, IRS1, and IRS2) were not included in this reduced analysis because no appropriate phylogenetically matched control genes were available.
Altogether, these two supplemental analyses that considered different means of designating control genes, (i.e., the 48 focal genes that better matched the number of species in the 1,417 control genes and the 43 paired phylogenetically matched controlfocal genes), are in agreement with our results reported in the main text for the 61 focal IIS/TOR genes and the corresponding 1,417 control genes.
Testing Whether the IIS/TOR Network Contains Fast-Evolving Outliers.
To test for differences in evolutionary rate between mammals and reptiles for each of our focal genes, we used the clade model C, with M2a_rel as the null hypothesis (47) . Clade models are less prone to false positives than branch-site models and better account for among-site variation in selective constraint (47) . Importantly, the clade model C tests whether there is evidence for differential ω between the test clade and the remainder of the tree, and we did not use the results from the clade model as support for positive selection. For those test genes that were significant via the clade model, we compared the ω values (i.e., K a /Ks) for each clade via paired Wilcoxon test and χ 2 tests. To calculate evolutionary parameters ω, K a , and Ks, we processed the GBlocks nucleotide alignments in PAML. Because we were specifically interested in molecular evolution between mammals and reptiles, for all IIS/TOR genes and control genes, we calculated the pairwise mammal and reptile divergence (every reptile-mammal comparison) from the 2NG.dN and 2NG.dS output files from PAML, which always output the same values regardless of the model because they are calculated with the Nei and Gojobori method (48) . These results were very similar to confirmatory analysis conducted using the analysis package from libsequence (49) . Using a Wilcoxon rank sum test on the median ω, K a , and Ks of pairwise comparisons between reptile and mammalian taxa, we tested whether the extracellular IIS/TOR genes or the intracellular IIS/TOR genes exhibited greater divergence between mammals and reptiles than the control genes.
Testing for Positive Selection for the IIS Network Genes. We conducted branch-site tests for positive selection in PAML (50) (51) (52) , which examines the likelihood of a modified model A (model = 2, NSsites = 2, ω not fixed to 1) and the likelihood of the corresponding null model with ω fixed to 1. Two times the difference in likelihood between the two models conforms to a χ 2 distribution, permitting statistical tests. For the likelihood ratio test (LRT), a P value was estimated assuming a null distribution that is a 1:1 mixture of χ 2 distribution with 1 and 0 df (53, 54) . For negative test statistics from the LRT (meaning that the null model fit the data better than the alternative), typically one would run PAML several times for these particular genes. Due to the computational time required for the number of genes we were testing and that it was unlikely that these genes would have large positive test statistics in subsequent runs, we did not rerun any genes multiple times.
Validation of Procedure Based on IGF1. Previously, we documented increased divergence of IGF1 in lizards and snakes relative to other reptiles and mammals (55) . Those data were generated using single gene Sanger sequencing. In contrast, here we used a next-generation sequencing (NGS) approach, generating transcriptomes from Illumina RNAsEq. (100-bp paired end) and followed by nearly automated multiple sequence alignments. We use IGF1 for comparison between these methods for both sequence quality and for molecular evolutionary analyses. To estimate sequencing error, we compared the pairwise sequence identity of IGF1 for the six species included in both approaches. For each of these pairs, the sequence identities were >99.4% identical. In each case that was not 100% identical between the two approaches, the difference was due to an ambiguity code in the Sanger sequencing that represented within-species allelic diversity. Thus, we are confident that our NGS approach produced highly accurate sequence data for analysis. Furthermore, our NGS approach added an additional 200 bp of sequence to the IGF1 alignment for every species.
To validate the molecular evolution analyses, we compared the sites that were identified to be under positive selection in our previous IGF1 analysis (55) to our current NGS approach [both approaches using the branch-site model in PAML (50) (51) (52) , with the branch leading to Squamata (snakes and lizards) as the foreground branch]. Every positively selected site identified in ref. 55 had as strong or stronger support for being under positive selection in our current analyses. Overall, our NGS methods appear to improve on traditional methods.
Mapping Positively Selected Sites onto Protein Structures of Hormones
and Receptors. To understand how positive selection may affect interactions between IGF hormones and receptors, we mapped the sites with a high probability of being under positive selection from the PAML branch-site analysis onto the predicted protein structures. Because snakes in particular appear to be highly divergent, we use a snake as a representative reptile for visualizing the predicted protein structures. We used Swiss-Model (56) to thread the snake sequences onto the human protein structures from the PDB: INS, PDB ID code 2KQP.1 (57); IGF1, PDB ID code 1BQT.1 (58); IGF2, PDB ID code 2L29.1 (59); IGF1R, PDB ID code 1IGR.1.A (60); and IGF2R, PDB ID code 2V5O.1 (61) . From the PAML branch-site analyses described above, we mapped the BEB posterior probability >0.90 of being under positive selection (branch-site model of positive selection) in mammals or reptiles onto the amino acids in the mature protein structures and the full propeptide alignments. Separately for the reptile and mammal clades, we mapped the sites predicted from both branch-site models: one that specifically tests for selection on the branch leading to the clade of interest set in the foreground (e.g., the branch leading to reptiles) and one that tests for positive selection across the whole clade of interest (e.g., the whole clade of reptiles). We evaluated the clustering of positively selected sites within functional domains of the protein structure, and their relationship to the binding surfaces between the hormones and the receptors, as described by previous literature (Table S4) .
Evaluating Variation in the Presence and Length of the IGF Binding
Domains of the IGFBPs. The binding proteins consist of two domains: the IGF binding domain on the 5′ end and the thyroglobulin domain on the 3′ end. We noted that the IGFBPs were often truncated to various degrees on the 5′ end, leading to extensive variation among species in the length or presence of the N-terminal binding domain. We realigned the original sequences using ClustalX to specifically evaluate variation in the length of the IGF binding domain in the context of the protein structure. Additionally, we calculated similarity for each binding protein across the whole alignment using a Poisson correction model (62) in MEGA6 (63) .
Coevolution Analysis of IGF Hormones and IGF2R in Reptiles. We used CAPs (64) to test for coevolving amino acid sites between IGF1 and IGF2R and between IGF2 and IGF2R in reptiles. CAPS uses the phylogenetic relationships from the sequence alignments along with the 3D structure of the proteins to identify coevolving pairs of amino acid using Pearson correlation coefficients. For these analyses, we used the amino acid sequence alignments with their respective human protein structures from PDB: IGF1, BQT.1 (58); IGF2, 2L29.1 (59); and IGF2R, 2V5O.1 (61) . We used the following settings: bootstrap value of 0.8, gap threshold of 0.8, α threshold of P = 0.01, and simulated 100 alignments. Significance is estimated by comparing the observed coefficients to a distribution from pseudorandomly sampled amino acid pairs, correcting for multiple comparisons and nonindependence of data using a step-down permutation procedure (64) .
Comparison of phylogenetic gene trees can be used to detect coevolution among genes (65) . We used the MMMvII algorithm (66) to identify which subgroups of the hormone family (INS, IGF1, and IGF2) and IGF2R were most tightly coevolving across species. The MMMvII algorithm detects similarity between phylogenetic trees, using information from the both the tree topology and the branch lengths, which are calculated by MMMvII. MMMvII identifies the most tightly coevolving subtrees for any given tolerance level, returning all possible solutions. For each hormone, we constructed a single multiple sequence alignment of the mature protein sequences using ClustalX (67) within Geneious v6.1.6 (68). For IGF2R, we focused on the region of the protein that is involved with binding the hormones: domains 11-13. To identify the most tightly coevolving subgroups of proteins, we set the tolerance level to 0.2. High levels of coevolution are achieved by large or multiple subsections of the gene trees changing in a coordinated fashion (topology and branch length). With this method, highly connected proteins may have no observable coevolution if they are highly conserved.
SI Results
Divergent Evolutionary Rates Between Mammals and Reptiles. We tested for differences in mammal-specific ω and reptile-specific ω using the clade model (47) for each of our 61 focal genes (each alignment contained 19-66 species; median: 62) in PAML (69). Significant genes included five extracellular genes (of a total of 10) and 21 intracellular genes (of a total of 51). Extracellular genes were not statistically more likely to be significant than intracellular genes in the clade model (Fisher's exact test, P = 0.430). We also compared the distribution of likelihood ratio test statistics for the clade model relative to a null model for 1,417 control genes (SI Materials and Methods) to test statistics obtained for the 61 members of the network. Only IGF2R exhibited a result that was in the largest 5% of test statistics for IIS/TOR network + control genes. We compared the ω for each clade for those control genes where the clade model indicated support for a significant difference in ω between reptiles and mammals (n = 797 before sequential Bonferroni correction, n = 491 after sequential Bonferroni correction). In short, we found no appreciable difference between control and test genes; after correction for multiple testing, both had ∼77% of genes with larger ω in reptiles relative the rest of the tree.
Connectivity Is Associated with Evolutionary Rate. Nonsynonymous reptile-mammal divergence (K a ) and ω were highly correlated with connectivity. For extracellular genes, K a and ω were negatively correlated to the degree of connectivity (K a Spearman's ρ = −0.71, P = 0.02; ω Spearman's ρ = −0.84, P < 0.01), and Ks exhibited a positive, but nonsignificant relationship with degree of connectivity (Spearman's ρ = 0.40, P = 0.26). Likewise, for intracellular genes, K a and ω were negatively correlated to degree of connectivity (K a Spearman's ρ = −0.39, P < 0.01; ω Spearman's ρ = −0.34, P = 0.01), whereas Ks was not (Spearman's ρ < 0.01, P = 0.99). In other words, more connected genes generally had smaller nonsynonymous substitution rates than less connected genes; this result suggests that more connected genes experience more purifying selection than less connected genes. Importantly, the relationship of K a and ω to degree of connectivity was stronger for extracellular genes than for intracellular genes. Indeed, an interaction term of connectivity and classification (intracellular vs. extracellular) in a linear model was nearly significant (P = 0.07), with extracellular genes having a steeper slope. Nearly identical results were obtained when using betweenness centrality (extracellular K a Spearman's ρ = −0.68, P = 0.03; ω Spearman's ρ = −0.82, P < 0.01, Ks Spearman's ρ = −0.37, P = 0.29); therefore, we focus further analyses on connectivity.
Expression level governs the amount of purifying selection (70, 71) . Thus, expression must be accounted for to conclude that the lower evolutionary rates we observed in more connected genes are because of high connectivity. Finding a suitable expression measure across such a broad range of taxa is difficult. Because protein length is negatively correlated with expression level, we used the longest protein isoform in human to provide a proxy for potential impacts of expression on protein evolutionary rate. We found no relationship of K a , Ks, ω, connectivity, or betweenness with the length of the longest protein isoform from human (Spearman's ρ < 0.15, P > 0.24 in all cases). Also, more highly expressed genes experience higher selection on Ks for easier translatable codons. Thus, a relationship between Ks and connectivity is a strong indication that expression level, not connectivity, is driving molecular evolution (71) . We see no significant relationships between Ks and connectivity; hence, expression may not be a strong driver of the relationship between ω and connectivity in our data.
Evolutionary rates of members of the IIS/TOR network in our study were negatively related with connectivity. This result is consistent with findings for other pathways, such as the N-glycosylation pathway of primates (72) and the yeast proteome (71, (73) (74) (75) (76) . Likewise, a negative relationship of closeness centrality with K a and ω occurs in the mammalian phototransduction pathway, and closeness centrality is largely influenced by connectivity (77) .
Interpreting our findings requires two caveats. First, GC-biased gene conversion (preferential substitution of GC during recombination) can produce results that resemble positive selection, although such a confounding effect is usually attenuated with increased phylogenetic distance due to the lack of conservation in location of recombination hotspots (78) . Thus, for mammal-reptile comparisons, this may not be a substantive concern. Further, genes indicated with the branch-site model to be under positive selection are less likely to be confounded by biased gene conversion than those indicated by the branch-test model (78) . Second, we did not directly account for gene expression variation, intron number, and gene essentiality, and these are all variables associated with protein evolution (71, 75, 76) . Not including these covariates could affect our conclusion regarding the importance of connectivity in influencing evolutionary rate. The choice of an appropriate tissue and developmental time point in which to measure expression level for all 66 species and the lack of gene expression data suitable for quantification in some species are vexing problems. However, we suspect that molecular evolutionary rate is influenced, at least in part, by connectivity because we found no relationship of K a , Ks, ω, connectivity, or betweenness with the length of the longest protein isoform from human (a proxy for expression). In addition, as explained above, highly expressed genes experience selection on Ks for easier translatable codons, and we see no significant relationships between Ks and connectivity-a relationship that would indicate that expression level, not connectivity, is driving molecular evolution (71).
Tests for Positive Selection. We tested whether positive selection shaped evolution of IIS/TOR pathway genes using a branch-site model in PAML. This model, with the reptile clade specified as the foreground branch, was favored over the null model of neutral evolution for only two genes, both of which were intracellular: RPS6KA6 and MLST8 (after sequential Bonferroni correction; Table S3 ). In this test, the entire clade of reptiles, including terminal branches, was specified as the foreground branch. This relative lack of significance is likely due to variable selection among the diverse terminal branches, which span >350 My of evolution. Additional models are discussed in the main text and include a branch-site model of positive selection with the branch leading to the reptile clade as the foreground branch and a similar model with the branch leading to mammals designated as the foreground branch. We also conducted a series of taxon-specific branch-site tests, where the branch leading to a particular clade was specified as a foreground branch. The results of all tests are presented in Table S3 .
As detailed in the main text, our results are concordant with previous work that suggests that extracellular genes in the IIS/TOR network may evolve more rapidly and are under stronger positive selection than the remainder of the network. For instance, DAF-2 (a homolog of the vertebrate IGF1R and INSR genes) is the most divergent protein in the IIS/TOR network across Caenorhabditis species (72) , and changes in this receptor and interactions with its hormone may allow for rapid adaptation under shifting environmental conditions (71) . Likewise, residues within the homolog of IGF1R (Drosophila's insulin-like receptor) evolve under positive selection in Drosophila (79). In addition, IGF1 evolves under strong positive selection in snakes and lizards (55) .
Evolution in Squamata. Because previous research indicates that components of the IIS/TOR network may be under strong positive selection in Squamata (lizards and snakes) (55), we also tested the branch-site model using the branch leading to snakes and lizards as the foreground branch. Fourteen genes exhibited significant support for positive selection along the branch leading to lizards and snakes; seven remained significant after sequential Bonferroni correction (IGF2R, IGF1R, PIK3R5, IRS2, IRS1,  IKBKB, and TSC2; Table S3 ). These seven also exhibited test statistics that were in the largest 5% of test statistics for all (control and test) genes analyzed in this comparison. For crocodilians, birds, and turtles, fewer genes provided significant support for the branch-site model either before (13, 11 , and 11 genes, respectively) or after multiple test correction (6, 1, and 5 genes, respectively). The bird comparison is particularly notable because birds represent an independent evolutionary origin of endothermy (vs. mammals).
We more explicitly assayed higher divergence in Squamata relative to the rest of the tree by the clade model with Squamata as the foreground clade. We detected 24 genes with significant support (postmultiple test correction) for heterogeneous rates relative to the rest of the tree (a total of 33 before multiple test correction). For 14 of these significant genes, the ω estimated for the Squamata clade was larger than the estimate for the rest of the tree. However, this difference between the numbers of genes in Squamata that were more highly divergent than the rest of the tree was not significant (P > 0.3). Notably, IGF1, IGFBP2, RHEB, IGF2R, and INSR exhibit test statistics that were in the largest 5% of test statistics for all (control and focal) genes analyzed for the clade model with Squamata in the foreground.
In comparison, we detected 15 genes with significant support (after multiple test correction) for heterogeneous rates relative to the rest of the tree when using snakes as the foreground clade (a total of 30 before multiple test correction). For 11 of these significant genes, the ω estimated for snakes was larger than the estimate for the rest of the tree, and the reverse was true for the other 4 genes. This difference between the numbers of genes in snakes that were more or less divergent than the rest of the tree was nearly significant (χ 2 = 3.27, P = 0.07). Similar results were obtained for a paired Wilcoxon test (V = 24, P = 0.04). However, only PRKCG, IGFBP2, and INSR exhibit test statistics that were in the largest 5% of test statistics for all (control and test) genes analyzed for the clade model with snakes in the foreground.
Overall, it appears that Squamata has qualitatively higher divergence in IIS/TOR network genes, and several more genes may be under positive selection on the branch leading to Squamata, than on the branch leading to crocodilians, birds, and turtles (tested independently). However, these differences are not exceptionally unique, and each branch of reptiles, excepting avian reptiles, contains multiple IIS/TOR genes under positive natural selection.
Mammal-Specific and Reptile-Specific Evolution of Hormones and
Receptors. The amino acid sites that define the ability of IGF1 and IGF2 to bind IGF1R (mainly in domains A and B; Fig. 2 ) are conserved, indicating that these protein sequences are likely functional (80) . The C-domain of IGF1 and IGF2 form a flexible loop that is oriented toward the binding pocket of INSR and IGF1R and contacts the CR domain in the binding pocket of the IGF1R and INSR (81) (Fig. 2) . The IGF1 and IGF2 C-domain is essential to bind IGF1R (82) , and variation in the C-domain regulates the specificity of the hormones binding to IGF1R (82) and to INSR (83) . INSR has two isoforms due to the absence (INSR-A) or presence (INSR-B) of exon 11 (84) . In mammals, both INSR isoforms bind INS with high affinity, but only INSR-A binds IGF2 with high affinity, and neither bind IGF1 with high affinity. This difference in INSR binding between IGF2 and IGF1 is driven by the C-domain of the hormones (83) . For IGF1, 30% percent of the C-domain amino acids in reptiles are predicted to be under positive selection, whereas none of the C-domain sites of IGF1 in mammals are predicted to be under positive selection. In contrast, for IGF2, 25% percent of sites in the C-domain amino acids in mammals were identified as being under positive selection, and no sites were under positive selection in the reptilian IGF2 C-domain ( Fig. 2 and Table S4 ).
This positive selection in the C-domains of reptile IGF1 and mammal IGF2 suggests their binding affinities to IGF1R and INSR are likely variable across the species in the respective clades. IGF1R has three domains that are predicted to play a role in binding both IGF1 and IGF2 hormones (L1-, CR-, and L2-domains) (81, 85) . Positively selected sites in reptiles clustered on the hormone-binding surface of the CR domain of IGF1R and include specific sites identified from mutagenesis studies to directly interact with the C-domain of the IGFs to regulate binding affinity. More specifically, from mutagenesis studies, one of these sites under positive selection on the IGF1R CR-domain (F251, human numbering) directly interacts with the IGF1 C-domain to regulate binding of IGF1R to IGF1 (81) . Furthermore, one of the sites under positive selection on the reptilian IGF1 C-domain (R37, human numbering) regulates binding of IGF1 to IGF1R (80) (Table S4) . Thus, the location and clustering of these positively selected sites on the hormone and the receptor suggest positive selection on the binding affinity between IGF1 and IGF1R across the reptiles. This signature of positive selection is absent in the mammalian IGF1 and IGF1R. In contrast, we see positive selection on the C-domain of IGF2 in mammals that regulates the binding to IGF1R and INSR. These positively selected sites in the C-domain of mammalian IGF2 may cause variation in the binding affinity between IGF2-IGF1R and IGF2-INSR among mammal species. Specifically, one of the IGF1 residues in mammals that inhibits high-affinity binding to IGF2R (R55) is an isoleucine (I55) in snakes, which is predicted to promote binding to IGF2R due to its hydrophobicity.
Coevolution of IGF2R and IGFs in Reptiles. In addition to high divergence in reptiles and snakes among focal genes mentioned above, many of the positively selected sites on the receptors and hormones are due to amino acid changes within the Squamates (lizards and snakes) relative to other reptiles. Our coevolution network analysis clearly signals strong coevolution of the receptors and hormones specifically within snakes or squamates. This rapid molecular evolution is in concordance with extensive recent work showing extreme adaptation in metabolic pathways of snakes (86, 87) . Although nematodes and Drosophila are models for conservation of the intracellular IIS (88, 89) , snakes and lizards may be models for examining the coevolution of the extracellular hormones-receptors.
The CAPS analysis identified a pair of coevolving amino acids on IGF2 and IGF2R in reptiles: IGF2 P4 and IGF2R R1623 (ρ = 0.4, P < 0.01). No sites were identified as coevolving between IGF1 and IGF2R. To further predict how evolution has shaped the interactions between IGF2R and the IGF hormones in reptiles, we used MMMvII (66) to identify the species with the tightest correlated rates of evolution between IGFs and IGF2R based on the gene tree topologies and branch lengths, given a tolerance value of 0.2. Interestingly, within the reptiles, snakes (sunbeam and viper boa) had the tightest coevolutionary signal between hormonereceptor pairings IGF2 and IGF2R (ρ = 1), and the lizards (brown and green anoles and gecko) had the tightest coevolutionary signal between IGF1 and IGF2R (ρ = 0.33), suggesting that among the reptiles, these receptor-hormone relationships are most strongly coevolving in the squamate clade specifically. Tables S1 and S3 . Genes in yellow were identified as reptiles having highly divergent K a /Ks relative to the rest of the tree by the CMCreptiles model (last column of Table S3 ), significant after correction for multiple comparisons. *IRS4 and *IGFBP6 were analyzed manually due to their exceptional divergence in sequence and length between reptiles and mammals (Table S5 and . Annotated amino acid alignment of IGFBP6. The human sequence is set as a reference at the top of the alignment, and sequence differences from the reference sequence are highlighted. We provide functional annotation on the human sequence. The N-and C-terminal domains are in red; the cysteine residues are in dark blue. IGF binding sites that are conserved across all binding proteins are marked in cyan (excepting two snake species, for which only one of these is conserved). IGF binding sites specific to IGFBP6 are marked in green, and the sites with different function (e.g., integrin binding) are marked in gray. Bold HGNC gene symbols are genes classified as extracellular; not bold are intracellular. Betweenness is the amount influence a node exerts on the interactions of the other nodes (range 0-1). Degree is a measure of connectivity and is the number of edges or interactions that gene has with other genes or proteins based on BioGrid human reactome 3.2.95 (1) (including protein-protein and protein-gene interactions). The numbers below each taxa represent the number of sequences from that group represented in the alignment. Total is the number of sequences in alignment; N = total pairwise comparisons between reptiles and mammals used to calculate divergence measures. Divergence measures (K a , nonsynonymous divergence; Ks, synonymous; ω, nonsynonymous/ synonymous) are the median of the pairwise comparisons calculated in PAML between reptiles and mammals. Length is the median length of sequences in the multiple species alignment given as a proportion of the longest human isoform. Contigs less than 200 bp were not included in our study. n:N50 is defined here as the number of contigs that add up to 50% of the total assembly size when sorted longest to shortest, and the N50 refers to the mean length of the contig such that half of all bases in the assembly are made of sequences of equal or longer length. Liver transcriptome was sequenced for all individuals in our study and the sex and stage is given. Individual identifier abbreviation of raw sequence data for the liver transcriptome data generated from this study can be found under Citation. U, unknown. *Sequence was downloaded from Ensembl, thus, is also annotated using the genomic sequence. † Sequence was RNA downloaded from NCBI's genome ftp. ‡ Sex: f, female; m, male; u, unknown. χ 2 values from likelihood ratio tests from PAML, where significant values suggest evidence for positive selection at the gene level for the specified phylogenetic clade or branch. Italic and bold = significant at P < 0.05 before multiple test correction. Bold and underlined = significant at P < 0.05 after multiple test correction. The CMCs used the entire clade as the foreground. bs, branch-site test; bs_reptilesC, branch-site test with the entire reptile clade as the foreground branch, all other branch-site tests used only the branch leading to the specific taxa as the foreground branch; CMC, clade model; NA, not applicable for the specific gene. 
